The demography and serology of a population of wild meadow voles (Mtcrotus pennsylvantcus) were monitored from 1982 to 1984 near Pinawa, Manitoba, Canada. Serologic tests were performed on 486 samples to detect the presence of viral antibodies to 11 common murine viruses. Meadow voles showed evidence of infection with Theiler's encephalomyelitis, reovirus-type-3, ectromelia, lymphocytic choriomeningitis, adenovirus, and mouse hepatitis viruses. At times of good survival and breeding performance the population was nearly free of evidence of viral infection. During a period of severe mortality in the winter of 1982-1983, evidence of infection by Theiler's encephalomyelitis virus and reovirus-type-3 was obtained. A high prevalence of antibodies and high titers to these two viruses were characteristic of voles that were captured late in the decline in density in the spring of 1983. This association of mortality with a viral outbreak is consistent with the hypothesis that vole population declines are sometimes related to opportunistic pathogens present in the voles' biotic and social environment.
INTRODUCTION
Although the biology of voles has been the subject of considerable research over the last 50 yr, currently we know very little about the causes of death in wild populations. There are occasional reports of mortality (Krebs and Myers, 1974) , but these are mostly anecdotal, and hence are not easily interpreted. Consequently, conventional wisdom has dictated that the study of diseases in voles is not a fruitful area of research in the study of population cycles (Chitty, 1954; Newson and Chitty, 1962) . Based on a detailed analysis of vole demography, Mihok et al. (1985) proposed an immunological hypothesis that incorporated disease as a hidden component in the vole population cycle. Data from long-term fluctuations of the meadow vole suggested that population declines were initiated by an opportunistic interaction between microparasites and Received for publication 9 September 1985. susceptible populations of voles. Mihok et al. (1985) suggested that the unpredictability of vole demography was an artefact of our lack of specific knowledge about an important component of the system.
We have attempted to test these ideas with a survey of antibodies to common murine viruses in a population of wild meadow voles. Our goal was to characterize the frequency of viral infections in a vole population to see if there was an association between viral outbreaks and population declines. This work was part of a general assessment of health of voles with studies in hematology, parasitology, and histopathology.
MATERIALS AND METHODS
The study area consisted of a 32-ha old field and an adjacent series of six 1-ha "ZEUS" meadows located within mixed boreal forest in the controlled area of the Whiteshell Nuclear Research Establishment near Pinawa, Manitoba Canada (Mihok et al., 1985) . One of these six "ZEUS" meadows has been sampled on a regular basis since summer 1980 to provide control data for current radioecological experiments.
Voles on this meadow (No. 1) were captured every 2 wk with 2 days of live-trapping on an 8 x 8 grid (1 1-m spacing). Longworth livetraps baited with whole oats and carrots were used in all trapping sessions. Trapping was conduct-ed year-round with some breaks during the coldest weather in January and February. Additional density estimates were obtained from two control grids (A, B: 8 x 8 stations, 11-m spacing) trapped in May and October on the old field. These grids were set to verify the patterns recorded on grids that were subject to considerable disturbance from routine trapping and blood sampling. Trapping was done in May and October so that we could obtain estimates of the typical low and high densities recorded in each year. Finally, a few additional estimates were obtained from very small grids on the old field (C, D, E, F: 7 x 7 stations, 7.6-m spacing) used for partial removal experiments. Additional sampling of the five remaining "ZEUS" grids was dependent on various experimental protocols and will not be reported here.
Voles on all grids were marked individually by toe-clipping on first capture. At each capture, sex, weight, and reproductive status were recorded. With the exception of grids A and B, blood samples were obtained from most voles with microhematocrit tubes through puncture of the suborbital sinus at 2-to 6-wk intervals. Most of this sampling was done for hematological studies and therefore consisted of small amounts of heparinized blood. In June 1982 we began collecting small volumes of blood for serology. Once we had established a safe protocol, we began collecting larger volumes of blood from selected voles for serology (0.37 ml with Caraway tubes). These sera were collected from 10-20 voles per mo from control grid 1 from September 1982 to December 1984. W e attempted to sample the resident population by restricting our sampling to only the second or later capture of each vole. We also attempted to sample voles once only, but managed to do this for only about 80% of the voles captured due to the small population available. To verify the serological results from the voles from grid 1, we collected blood from voles on other grids at sporadic intervals. These voles were sampled by suborbital bleeding or by cardiac puncture while under pentobarbital anesthesia. During the initial sampling for small volumes, 71% of our samples came from grid 1; from September 1982 on, 86% of our samples came from grid 1. Blood was allowed to coagulate for a few hr in the collecting tube and was then centrifuged for the collection of serum. Serum was stored at -20 C for a few mo and was then shipped on dry ice to Institut Armand-Frappier, where the serology was performed. The hemagglutination inhibition (HAI) technique (Palmer et al., 1975) was used to detect serum antibodies to Sendai virus, pneumonia virus of mice (PVM), minute virus of mice (MVM), Theiler's encephalomyelitis virus, reovirus-type-3 (REO-3). K-virus, polyoma virus, and ectromelia virus. The complement fixation (CF) procedure (Casey, 1965 ) was used to detect serum antibodies to mouse hepatitis virus (MHV), mouse adenovirus and lymphocytic choriomeningitis virus (LCM). All sera tested were inactivated at 56 C for 30 min before evaluation. The antigens were obtained commercially from Microbiological Associates, Walkersville, Maryland 21793, USA. C F titers of eight or greater were considered positive for MHV virus, adenovirus, and LCM virus. HA1 titers of 20 or greater were considered positive for the other viruses tested.
RESULTS
In total, we tested 486 serum samples from voles for the presence of HA1 or CF antibody. No antibodies were found to K, MVM, polyoma, PVM and Sendai viruses (Table 1) . In a few samples, low titers indicated the potential presence of antibodies to ectromelia, adenovirus, MHV, and LCM viruses. However, these results may not be real given the high percentage of anticomplementary sera. In contrast, many sera tested positive for REO-3 and Theiler's encephalomyelitis viruses, with some very high titers (Table 1) . There were no differences in these trends among the different areas sampled. To illustrate the temporal pattern in our data, we have summarized our results over 4-mo periods from our main sampling area (ZEUS control grid No. 1, n = 366). The period from January to April represents an overwintering population of voles of relatively uniform age born mostly late in the previous year (Mihok, 1984) . The May to August period corresponds to the main breeding season; samples taken then represent a very diverse group of animals. The September to December sample contains a few mature voles from the end of the breeding season, but is mostly composed of immature, late-cohort voles that form the core of the new overwintering population (Mihok, 1984) .
The initial history of our population (Mihok et al., 1985) indicated that the se- rology program was initiated at the end of a typical microtine cycle. Voles had increased to very high density in autumn 1978, overwintered to a peak density in spring 1979, and then crashed between the summer of 1979 and the spring of 1980 (Mihok, 1984; Mihok et al., 1985) . The decline extended through 1981 and resulted in the near disappearance of meadow voles in the winter of 1981-1982 (Fig. 1) . By the end of May 1982, there were only two voles alive on one of the six old field grids, and only two voles alive on ZEUS grid 1. From May to August 1982, we tested 38 sera and found two positives (5.3%). One vole had a titer of 80 to REO-3 and another had a titer of 20 to ectromelia virus ( Table 2) . This low prevalence of antibodies was associated with the highest rate of population growth (Fig. 1) seen in this meadow vole population since studies began in 1967 (Mihok, 1984) . During the high-density period at the end of 1982, we tested 43 sera and found no evidence of viral infection ( Table 2) .
During the brief pause in trapping in the winter 1982-1983, the vole population declined considerably in density (Fig. 1) .
A few voles were present on the old field in March (grids C-F), but by late May nearly all voles had disappeared from the area (Fig. 1) . During this dramatic spring population decline we tested 34 sera. Eleven sera (32.3%) had HA1 antibody to Theiler's encephalomyelitis virus and eight (23.5%) had HA1 antibody to REO-3 (Table 2). The titers ranged between 80 and 640 (geometric mean (GM) 193.3), and between 20 and 160 (GM 61.6), respectively ( Table 2 ). The high prevalence of antibodies to murine viruses continued through the second third of 1983 as the population began a modest recovery during the breeding season (Fig. 1) . Of 50 samples tested, five samples (10%) had titers between 40 and 320 (GM 105.6) to Theiler's encephalomyelitis virus ( Table  2) . Fifteen sera (28.8%) also had titers ranging from 20 to 160 (GM 55.1) to REO-3 virus ( Table 2) . Antibodies to other murine viruses were not detected in the first and second third of 1983.
By autumn 1983, the vole population had recovered to modest densities with some variation between grids 1, A and B (Fig. 1) pled at this time did not have antibodies to Theiler's encephalomyelitis virus, although one sample (2.6%) had a titer of 40 to REO-3 ( Table 2) . We also encountered four samples (5.4%) with C F antibody with titers ranging from 8 to 16 (GM 10.7) to MHV. Of 33 samples that could be tested for LCM, one sample (3%) had C F antibody to this virus.
With the exception of three low titers to REO-3 in November and December of 1984, we detected no evidence of viral infection during the three periods of sampling in 1984 ( Table 2) . We tested 33, 30, and 60 samples, respectively, during this time. The vole population declined during the winter of 1983-1984, but did not reach densities as low as in other springs. In particular, many voles were still present on the very small grids (C-F) in early April (Fig. 1) . The population on grid 1 declined more than other areas did, but it recovered substantially during the breeding season (Fig. 1) . At the end of the survey, all areas that were sampled as part of this survey, or as part of other experiments, were at high density.
DISCUSSION
Our survey of a wild meadow vole population revealed antibodies to six murine viruses that are found commonly in laboratory rodents (Parker et al., 1966; Desc6teaux et al., 1977) . Due to the low titers and low frequency of positive results for mouse hepatitis virus, LCM virus, adenovirus, and ectromelia virus, we are unsure of the presence of these viruses in meadow voles. The presence of LCM virus is of particular interest as it is transmissible to man and has been implicated in the infection of laboratory personnel working with susceptible rodents (Biggar et al., 1977) .
The very high titers for REO-3 virus and Theiler's encephalomyelitis virus, and the high prevalence of antibody strongly suggest that these two viruses are present 
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in wild voles. Studies of these viruses in other wild rodents are relatively few. Kaplan et al. (1980) tested 20 short-tailed voles (Microtus agrestis) in England for antibodies to nine viruses. They found positive results for ectromelia, PVM, Sendai, LCM, and EMC (encephalomyocarditis) virus. In their total sample for all animals (Microtus agrestis, Apodemus sylvaticus, Clethrionomys glareolus), antibodies to PVM and Sendai virus were quite common, whereas antibodies to other viruses were rare and patchy in distribution. Other studies of wild voles have been concerned with viral diseases transmissible to man, as in the case of Nephropathia epidemica passed to man by Clethrionomys glareolus in Fennoscandia (Brummer-Korvenkontio, 1982; Yanagihara et al., 1984) .
Our principal goal in this serologic survey was to associate high mortality with the presence of viruses in a population, and conversely, to associate high survival with the absence of viruses in a population. To some extent, we have been successful in making this association. We found that breeding populations with little history of viral infection (1982, 1984) expanded rapidly to produce high densities in autumn. However, slightly lower densities were also achieved in 1983 in the presence of antibodies to REO-3, but not to other viruses, particularly Theiler's encephalomyelitis virus. Our one period of severe mortality (winter of 1982-1983) was specifically associated with both high titers and a high prevalence of antibodies to REO-3 and Theiler's encephalomyelitis viruses. The following winter decline was less severe and was associated with a total absence of viral antibodies in the overwintering population. The appearance and subsequent disappearance of antibodies to Theiler's encephalomyelitis virus during the decline of 1982-1983 suggest the occurrence of a viral epizootic in the meadow vole population. REO-3 virus may also have been implicated in this epizootic, but the evidence is more equivocal. We were unable to trap obviously sick voles during this decline, so we have no conclusive evidence that viruses were, in fact, responsible for the severe mortality. Similarly, we did not collect specific information on nutritional, immunological, and social factors that could have influenced viral transmission and pathogenicity. These viruses may have simply acted as ultimate agents of death, with other co-factors acting to reactivate existing latent infections or acting to increase host susceptibility to new infections.
In similar studies on wild rodents, out-breaks of PVM (Kaplan et al., 1980) and Nephropathia epidemica (Brummer-Korvenkontio, 1982 ) have been associated with density declines. Although we cannot differentiate cause and effect in these studies, the data clearly suggest that further research would be rewarding. In particular, we need to know the pathogenicity of murine viruses in wild species. For example, Theiler's encephalomyelitis virus is pathogenic to susceptible adult laboratory mice, and can cause paralysis and death in infant mice (Downs, 1982 ). It's pathogenicity in Microtus is unknown. In conclusion, our serological evidence indi-
cates that vole population declines may be related to the episodic outbreak of unusual infectious agents. We hope that renewed interest in the field of vole diseases will lead to more sophisticated immunological studies so that we can define more clearly the causes of the enigmatic population declines of wild voles.
